We examine detection of cylindrical acoustic waves by a laser beam probing the wave orthogonally to the symmetry axis. Considering the probe as a linear system transforming acoustic waveform into transient angular deflection of the probe beam we derive its transfer function.
INTRODUCTION
The input output relations of the laser beam deflection probe are well known for two common arrangements: for probing plane acoustic waves with a laser beam parallel to the wavefront (') and cylindrical acoustic waves with a laser beam parallel to the axis of symmetry (2). In these cases the laser probe acts as an ideal differentiator: the beam deflection signal represents a measure of the time derivative of the acoustic waveform at the probe beam position. The a i d of the present work is to derive the input output relations applicable to probing of cylindrical acoustic waves with a laser b e y ~erpendicular to the axis of symmetry (FIG. 1) . Here, in contrast with the arrangements ( ), the refic~ctive index gradient is not constant over the interaction length with the probe beam. As in ( ' ) we shall assume that the diameter of the probe beam is much less than the characteristic acoustic wavelength and the deflection angle amplitude is small.
THEORY
We write the outgoing cylindrical acoustic wave as a perturbation of refractive index n in the form (3):
where Sn is the amplitude, c the speed of sound, and f an arbitrary function, different from zero only for t -R l c < r,/c (the wave has a front).
Assuming a thin probe beam and small deflections we write the deflection angle 4 as (4):
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FIG. I Geometry
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:19947182 By considering eq. (2) as a type of Abel integral equation for n we find that its solution (5) has the same form as the integral in eq. (1) if we substitute:
From eq. (3) we deduce that the deflection angle amplitude does not depend on the distance I between the probe beam and the axis of symmetry. In addition, if the wave is emitted by a line source which operates only for a finite time (time limited f ) , then the deflection waveform is time limited, while the refractive index waveform is not (has a longer tail as a result of superposition of elementary waves emitted by distant points on the symmetry axis).
We consider the laser probe as a linear system transforming refractive index waveform n(l, t) at certain distance 1 from the line source into transient deflection 1, t) of the probe beam. In order to find the input output relations we combine eqs. (1) i Using the convolution operator * we express eq. (4) in a short form: n(1, t) = g(1, t)*$b(E, t), where:
and the symbol U(t) denotes the Heavyside unit step function.
We proceed by transforming eq. (4) 1 1 1 1 1 , 1 1 1 1 1 1 1 1 1 I I I I I I I~I a , m~3~ -1800 The last formula implies that the probe acts as a half order differentiator (5) if the characteristic time of the acoustic transient is much shorter than the characteristic time of the probe T (i. e. if we probe short transients far from source). The same asymptotic form (9) applies to laser probing of spherical acoustic waves (7).
EXPERIMENT
In order to verify the most characteristic theoretical predictions we performed an experiment employing optoacoustic excitation to realize the cylindrical acoustic source. The schematics of the experimental set-up is shown in FIG. 3 . (20&14-mrn)
FIG. 3 Experimental set-up
A passively Q switched Nd:YAG laser was used as the excitation source providing laser pulses of 1.06 pm wavelength, 10 ns full width at half maximum (FWHM) duration and 30 mJ pulse energy. The excitation beam was focused by a lens of 200 mm focal length into a rectangular glass container (200 x 140 x 70 mm) filled with tap water at about 22°C. Excitation beam waist of about 0.5 mm was located approximately in the middle of the 140 mm side of the container. The excitation laser and the focusing lens were mounted on a vertical translation stage to allow changes of the distance 1 between the probe and excitation beam axes.
The probe beam from a 5 mW He-Ne laser was directed into the 200 mm side of the container and focused by a 150 mm focal length lens in such a way that the 0.1 mm waist was located in the middle of the container few millimeters above the excitation beam waist. Special care was taken to achieve the orthogonal alignment of the two beam axes as close as possible.
The deflection of the probe beam due to the passage of the acoustic wave was detected by a quadrant photodiode which was electronically connected as two halves. Each half had its own transimpedance preamplifier with a 2.5 MHz frequency bandwidth. The photodiode was protected against the stray light from the excitation laser by a window made of a 632.8 nm band pass interference filter (10 nm FWHM). The outputs of the amplifiers were digitized by a fast sampling oscilloscope (HP 54502A) and fed into a personal computer for storage and analysis. The oscilloscope was triggered by a fast PIN photodiode with a 500 MHz bandwidth which detected a part of the transmitted excitation beam.
In the computer, the difference of the two signals was calculated in order to suppress the signal interference from intensity variations of the probe beam. In addition, the difference signals were averaged 256 times to improve the signal to noise ratio.
In FIG. 4 . we present beam deflection signals detected at four different distances I between the probe and excitation beam axes. We find no significant changes in amplitudes of the beam deflection signals when we change the distance 1 between the axes and we take this as an evidence that eq. (3) is essentially correct.
FIG 4. Typical beam deflection signals
DISCUSSION
The idea that we can measure the cylindrical source function by means of laser beam deflection could be of interest for the study of unknown cylindrical acoustic sources, especially because we can show that it can be extended to the cylindrical sources with finite radius.
In order to do that, we consider the emission of acoustic waves by a cylinder of temporally variable cross-sectional area S(t). If we disregard the possibility of d'scontinuities on the wavefront, we can write the pressure variations in the cylindrical wave as (3,9):
where the dot denotes time derivative.
Variations of pressure p and density p in an acoustic wave are related by p = c2p. Variations of density p give rise to variations n of refractive index which can be well approximated by:
P Po where the derivative dnldp is determined using the Lorenz-Lorentz formula. Variations of pressure and refractive index are thus related through:
Combining eqs. (4), (lo), and (12) we realize that the deflection waveform is proportional to the second time derivative of the source cross section:
In case of optoacoustic generation, S(t) depends on the absorbed laser energy, as shown by Pate1 and Tam in (8).
CONCLUSION
We have derived the transfer function of a laser probe in an arrangement where a laser beam probes cylindrical acoustic wave orthogonally to the wave symmetry axis. We have shown that in this case the beam deflection signal is proportional to the source function of the wave. We have demonstrated experimentally that amplitude of the beam deflection signal does not depend on the distance between the probe beam and wave axes. We believe that this arrangement can be of use for the study of unknown cylindrical acoustic sources.
